Abstract-Capacitance of capacitors in which one or both plates are made of a two-dimensional charge system (2DCS) can be increased beyond their geometric structural value. This anomalous capacitance enhancement (CE) is a consequence of manipulation of quantum mechanical exchange and correlation energies in the ground state energy of the 2DCS. Macroscopically, it occurs at critical charge densities corresponding to transition from an interacting "metallic" to a noninteracting "insulator" mode in the 2-D system. Here, we apply this concept to a metal-semiconductormetal capacitor with an embedded two-dimensional hole system (2DHS) underneath the plates for realization of a capacitancebased photodetector. Under sufficient illumination, and at critical voltages the device shows a giant CE of 200% and a peak-tovalley ratio of over 4 at probe frequencies larger than 10 kHz. Remarkably, the light-to-dark capacitance ratio due to CE at this critical voltage is well over 40. Transition of the 2DHS from insulator to metallic, enforced by charge density manipulation due to light-generated carriers, accounts for this behavior, which may be used in optical sensing, photo capacitors, and photo transistors.
Furthermore, these energies can be stored inside the dielectric of an unconventional capacitor (UC)-to be discussed below-that results in an enhancement in capacitance to values greater than classical predictions [1] , [5] .
Capacitance is the ability of a device to store energy in the electric field. Conventionally capacitors are composed of two metallic contacts separated by a dielectric, and in a specific geometry. In an UC, however, a 2DCS substitutes at least one of the contacts. The 2DCS is attained in oxide interfaces [5] , Graphene [3] , [13] or quantum wells in compound semiconductors [10] , [14] . Distinctive to UCs is the capability to control particle density in the non-metallic plates, typically through application of an external voltage. Consequently U ex−corr contribution can be manipulated, released and stored in the electric field inside the dielectric [15] . Hence, an exchange-correlation capacitance, C ex−corr , is identified, which is in series with the geometrical capacitance, C geo , of the structure, contributing to the total capacitance [16] [17] [18] , C tot :
Here C kin represents the capacitance due to the kinetic energy, U kin , of the 2DCS. Generally, a quantum capacitance of C −1
ex−corr depends on the 2DCS density, p, and the chemical potential μ as C Q = Se 2 (dp/dμ), in which e and S are the electron charge and the area of the plate capacitor, respectively [3] , [18] . Hence the relative density evolution of U ex−corr and U kin , as the main contributors to μ, mainly determines C Q . Significantly, C ex−corr can contribute negatively so that at certain critical charge densities, p cr itical , of 2DCS, C tot becomes larger than C geo [5] , [15] [16] [17] . It is at these densities that U ex−corr dominates U kin , resulting in the anomalous feature of capacitance enhancement (CE), where, again, C tot exceeds C geo [5] , [15] , [17] . An important utilization of this effect is in increasing the transconductance of metal oxide field-effect transistors, where reduction of oxide thickness is reaching its physical limit and there are few candidates for high-k dielectrics material [5] . Moreover, transition from a high-density to a totally depleted 2DCS is used to improve the performance of the voltage-controlled capacitors based on two-dimensional electron system (2DES) [7] , [19] .
Here we propose a capacitive-based photodetection method that manipulates U ex−corr of an embedded 2DCS through introduction of light-generated carriers. This technique is demonstrated in a device with a planar metal-semiconductor-metal (MSM) structure [20] that includes an additional embedded third plate consisting of a 2-D hole system (2DHS). In dark, the capacitance-voltage (C-V) characteristic of this device shows behavior of a switchable capacitor. Under sufficient optical power, however, it exhibits a giant CE of more than 200% at critical bias voltages. This feature of CE is attributed to the negative C ex−corr , and is triggered when addition of lightgenerated carries increases the density of the embedded 2DHS to above a certain critical threshold, at which contribution of U ex−corr becomes significant. Since the peak capacitance under light reaches values that are over two orders of magnitude greater than its dark amount, this unconventional MSM-2DHS device opens a new concept in realization of capacitance-based photodetectors.
II. DEVICE STRUCTURE AND C-V CHARACTERISTICS
The device is comprised of two Schottky contacts, fabricated on the top surface, with an embedded 2DHS, as seen in the layer structure in Fig. 1(a) and detailed elsewhere [21] . On a GaAs substrate, 200 nm of GaAs buffer layer was grown by molecular beam epitaxy. A 118 nm GaAs absorption layer and a consecutive 57 nm Al 0.5 Ga 0.5 As barrier layer were then grown to form a heterostructure on top of the Bragg reflector. Specifically, the thickness of the GaAs absorption layers was chosen to address the trade-off between quantum efficiency and speed of response, similar to that of MSM photodetectors [10] . The selection of the AlGaAs layer thickness follows the design considerations of modulation-doped field effect transistors [22] . A p-type 2.5 × 10 12 cm −2 Be delta-doping layer was introduced at 7 nm distance from the GaAs/AlGaAs hetero-interface on the AlGaAs side. Schottky contacts were defined by optical lithography, Ti(10 nm)/Au(90 nm) metal deposition, and subsequent lift-off. An interdigitated pattern was fabricated on a 60 × 40 μm 2 active area on the top layer, as shown in the SEM image in Fig. 1(c) . Additionally, control devices with identical layer structure were fabricated with the delta-doping level reduced to 1.0 × 10 12 cm −2 . The energy band diagrams and carrier (hole) densities were calculated by a Poisson-Schrodinger equation solver for this MSM-2D capacitor, which indicate formation of a triangular quantum well at the GaAs/AlGaAs interface, populated by a 2D sheet of holes, as shown in Fig. 1(b) . For the control device, however, such 2D hole system does not exists, as it is inferred from the Fermi level location in Fig. 1(d) .
C-V characteristics were obtained using an HP4284 LCRmeter. The measurements of this differential capacitance were performed at room temperature, in the 10 kHz-1 MHz frequency range with a constant oscillation/excitation voltage of 30 mV, which was superimposed on the DC bias voltage that was applied between the two contacts. The C-V under dark, as shown in Fig. 2 (a) and (b), exhibits bi-state "high" and "low" capacitances, which is a characteristic of MSMs with an embedded 2DCS [10] , [14] , [19] . A Tuning range, defined as maximumto-minimum capacitance ratio, as large as 90 and a voltage sensitivity, (dC/dV ) × (V /C), as high as 79 are observed, which are comparable with previous reports [10] , [14] . This single device thus is a switched capacitor without needing switching elements.
For planar MSMs with embedded 2DCS [14] , [19] , the equivalent capacitance is modeled as series connection of Cathodeand Anode-to-2-DCS parallel plate capacitors, and the dependence of charge density on applied bias voltage determines the C-V characteristics. At zero bias, in which the 2DCS is not depleted, the capacitance is at the "high" value of C 0V = C 2D C S , where C 2D C S = A/d where is the dielectric constant of the medium between the contacts and the 2DCS; A is the area of each contact, and d is the separation distance of contacts and the embedded 2DCS [19] . Application of bias voltages above certain threshold level, however, depletes the charge under the (reverse biased) contact; i.e., the second (unconventional) plate of capacitor disappears, and the device capacitance reduces to the "low" fringe capacitance between this contact and the preserved 2DCS in the lateral region between the contacts. Fig. 1(e) and (f) show the charge density of the MSM-2DHS device under equilibrium (0 V) and at a post-threshold 1.5 V bias voltage, calculated for dark conditions, using Synopsys Sentaurus device simulation package. As expected, comparison of these two cases indicates that the 2DHS density, hence overall capacitance of the device, can effectively be controlled through application of a bias voltage.
The C-V for MSM-2DHS device, obtained at a probe frequency of 10 kHz and under various optical powers of an 850 nm laser is shown in Fig. 2(a) and (b) and is starkly different from the dark C-V. Most importantly, as highlighted in Fig. 2(b) , at laser intensities greater than 90 W/cm 2 a "Batman"-shaped peak appears around a certain threshold voltage, V cr itical , where a transition from a "high" to a "low" state occurs in the dark C-V. This is the distinctive anomalous CE that is previously reported in (dark) C-V [5] , [13] , [15] , [17] , and in our device is triggered by light. The pre-threshold characteristics of C-V do not change significantly with variations in the laser power, although the threshold voltage slightly increases from 0.4 V in dark to 0.6 V under 110W/cm 2 laser light.. This is mainly due to an increase in the 2DHS density by lightgenerated carriers. The post-threshold (V > V cr itical ) behavior, however, is significantly different compared to the one in dark, as indicated. Distinctively, a shoulder in C-V appears under lower optical powers, when the capacitor is biased around V cr itical 0.8V. With further increase in incident light intensity, capacitance reaches a peak value of 3.45 pF at 1.1 V of bias and under 110W/cm 2 illumination, while the preceding valley capacitance is 0.76 pF at 0.75 V of bias. This is a 4.5:1 ratio corresponding to a giant CE of 200%. Furthermore, compared to the C 0V of 2.1 pF, we observe a remarkable enhancements of 40%. Also, with the dark capacitance at 1.2 V of bias being 69.7 fF, the light-to-dark capacitance ratio of over 45, also noted in Fig. 2(b) , makes this MSM-2DHS device an excellent candidate for applications such as capacitance-based photodetectors, pixels similar to charge-coupled devices, and phototransistors. Notably, this light-triggered CE occurs at a probe frequency of 10 kHz which is much larger than other reports [5] , [13] , [15] , [17] , making it more suitable for practical applications.
The control MSM device with similar structure, but lacking the 2DHS, shown in Fig. 2(c) , has a measured capacitance of 31.4 fF, in close agreement with the (geometrical) capacitance of 29.2 fF calculated based on standard conformal mapping techniques [25] . It does not exhibit a plateau, rather gradually changes from C m ax = C 0V to a minimum value, as expected from the depletion of charge between cathode and anode in absence of 2DHS. Under illumination, shown in Fig. 2(c) , C 0V capacitance changes from 43 fF at dark to 1.2 pF under 110W/cm 2 of optical power, indicating the establishment of a 2DHS by the optically generated holes. With an increased light intensity, the general characteristics of C-V for control sample conform into that of the MSM-2DHS device, and eventually exhibit CE feature at optical powers greater than 90W/cm 2 at critical bias voltage of 0.8 V. Incidentally, the electric field due to the band bending in the absorption layer of the 2DHS device, as shown in Fig. 1(b) , assists in the collection of the light-generated holes inside the quantum well by drifting them toward the 2DHS. The light-generated electrons, however, are moved by the electric field deeper into the device, and do not contribute to capacitance. Saturation of the pre-threshold capacitance at higher optical powers for both the conventional and MSM-2DHS devices implies that a dense sheet of 2DHS has been formed and is serving as an unconventional contact. Fig. 2(d) shows the C-V at probe frequencies ranging from 10 kHz to 200 kHz under a 110W/cm 2 of incident 850 nm illumination. The CE feature is observed for frequencies as high as 100 kHz, although the amount of enhancement decreases with an increase in the probe frequency. This gives the MSM-2DHS more practical applications compared to other devices with 2DCS [5] , in which the range of frequency for observations of CE is limited to under 10 Hz. The decrease in capacitance with an increase in frequency and at 0V of bias voltage has previously been observed and attributed to fast capture and slow re-emission of charge carriers at GaAs/AlGaAs interface [27] . The underlying physical explanation for the frequency dependence of CE, however, is deferred to further investigations.
Similar enhancements in capacitance were observed in other devices on the same wafers but with varied contact geometries. Additionally, devices were also fabricated on similar layer structures with a) 2DES [7] , [19] , b) 2DES incorporating a layer of low-temperature grown GaAs [26] , and c) bi-layer of 2DES and 2DHS (2DEHS) [8] . In all cases, the CE peculiarity was observed in the C-V, with typical data for the MSM-2DHS system shown here. The bi-layer (2DEHS) device exhibits enhanced capacitance features due to both the electron and the hole systems. The details of operation for these other instances will be presented in separate reports.
III. DISCUSSION
For a system of many Fermions, the Hamiltonian of the Schrödinger equation includes terms that account for the interparticle Coulombic forces, as well as kinetic energies of individual particles. Moreover, Pauli's exclusion principle requires an wave function for Fermions. The latter condition is manifested in a quantum mechanical exchange energy that contributes negatively to μ. Furthermore, inclusion of the Coulombic interactions results into an additional negative correlation energy term inside μ. Moreover, when the spacial dimensionality of the system is reduced, the enlarged screening length of inter-particle Coulombic forces, further emphasizes the contributions of exchange-correlation energies, U ex−corr , to μ.
In an UC, where one or both contacts are replaced with a many body 2DCS, the control over the particle density, p, of the 2-D system alters μ of the unconventional contact, given by [2] :
where r s = (1/a 0 ) × p −1/2 is the normalized inter-particle distance in 2DHS and a 0 is the Bohr radius in the surrounding material. In right hand side of Eq. (2), the first positive term is due to U kin and the remaining negative terms represent U ex−corr . Since r s inside the 2DCS for p > p cr itical is comparable with the wavelength of individual particles, the wave functions overlap and the 2-D system is in an interacting "metal" phase, while for a non-interacting "insulator" phase, p < p cr itical , the overlap disappears, and the exchange forces become insignificant. Consequently, at densities around p cr itical , an infinitesimal decrement of density, dp, causes the overall energy of the system to increase by dμ due to the removal of negatively contributing U ex−corr . This energy is stored in the electric field between the contacts and an enhancement in capacitance is observed [15] , [17] . Equivalently, compressibility of a 2DES, defined as dμ/dp, becomes negative when the kinetic energy no longer matches variations in U ex−corr [4] , [12] , [23] , [24] . Hence, the "metal-insulator" transition around p cr itical may be attributed to this negative compressibility, which is also observed for a 2DHS [23] , [24] . The critical transition density for a 2DHS inside GaAs [24] is p cr itical = 5.5 × 10 10 cm −2 . The charge control model [22] applied to the dark C-V of the MSM-2DHS, however, yields
, which is less than p cr itical . This shows that under dark the 2DHS is a non-interacting system hence CE is not observed.
The 2DHS density can be forced into an interacting system by deposition of light generated carriers with a density, p deposit into the 2DHS, as demonstrated in the inset of Fig. 2(d) . Consequently, p 2D H S can sufficiently be increased to above p cr itical , at which the contribution of exchange and correlation energies to μ becomes significant [15] . The additional light-generated carriers, can reach densities greater than 1 × 10 10 cm −2 at optical power densities larger than 22W/cm 2 . This amount is calculated by considering the 30% reflectance from AlGaAs surfaces, the 118 nm depth of the GaAs absorption region, and associated carrier lifetime, also shown in the inset at Fig. 2(d) . This is more than the minimum required p deposit = 4 × 10 9 cm −2 , for p 2D H S | lig ht to surpass the p cr itical for entering the interacting mode. By varying the applied bias voltage, then, the 2DHS density is dropped below the p cr itical , and a "metal-insulator" transition occurs. Consequently, the CE feature appears as a shoulder in C-V under intermediate optical powers less than 70W/cm 2 and turns into a distinct "Batman"-shape at higher optical powers.
Finally, comparison between the C-V under illumination for the main and control samples reveals that, under the conditions of existence of a high-density 2DHS occurring at optical powers larger than 90W/cm 2 , both samples exhibit clear CE feature when the capacitance value reaches 1 pF, which essentially corresponds to the same 2DHS critical density for a "metal-insulator" transition to be observed. Similar behavior has previously been observed for MSMs with 2DES [19] in which the dark electron density was above the critical value and CE was observed in dark as well as under illumination.
IV. CONCLUSION
In conclusion, a new concept for capacitance-based photon detection was proposed and demonstrated in an MSM structure with an embedded 2DHS. Exchange and correlation energies of the 2DHS were manipulated by deposition of light-generated carriers and consecutive depletion by an applied bias voltage. This was manifested into a counterintuitive CE feature in the C-V characteristics of the device, that only appeared under certain optical powers and at critical bias voltages. The amount of enhancement was more than 200%, and the light-to-dark capacitance ratio was well over 40. These figures provide adequate merit for application of this MSM-2DHS capacitor for photo detection, and electro-optical mixing.
